Introduction {#sec1}
============

Gastric cancer (GC) is a heterogeneous disease and has been shown to be triggered through the interaction of various environmental and carcinogenic elements.[@bib1] GC is widely understood to be a multistep process characterized by the involvement of genetic and epigenetic alterations of protein-coding proto-oncogenes as well as tumor-suppressor genes.[@bib2] GC, with cardia and non-cardia types, is the second leading cause of cancer-related deaths worldwide.[@bib3] Curative surgery represents the only effective treatment approach, and early detection of resectable GC plays a significant role in good prognosis.[@bib4] The epithelial-mesenchymal transition (EMT) has been strongly implicated in the process of metastasis in a wide range of solid tumors.[@bib5] The EMT is considered to be a vital step in GC cell invasion and metastasis.[@bib6] Lymph node metastasis (LNM) represents a crucial contributory factor associated with poor oncological outcomes in various types of cancers, such as breast cancer and papillary thyroid cancer, in close correlation with the depth of submucosal invasion in GC.[@bib7]

Recently, long non-coding RNAs (lncRNAs) have been confirmed to be of great importance to tumorigenesis.[@bib8] lncRNAs, such as HOX antisense intergenic RNA (HOTAIR) and antisense non-coding RNA in the INK4 locus, have been found to participate in GC development.[@bib9]^,^[@bib10] lncRNA maternally expressed gene 3 has been implicated in GC cell proliferation.[@bib11] The GATA6 antisense RNA 1 (GATA6-AS1) has been reported as one of the top 10 lncRNAs exhibiting some of the highest lung squamous cell carcinoma diagnostic values.[@bib12] The bioinformatics analysis prior to our study provided data indicating a significantly altered expression of GATA6-AS1 between GC tissues and paracancerous tissues, highlighting the possible involvement of GATA6-AS1 in GC. A previous study demonstrated the involvement of the Wnt/β-catenin pathway in cell proliferation and oncogenesis.[@bib13] Additionally, the activation of the Wnt/β signaling pathway has been shown to promote cell proliferation, migration, and invasion, thus promoting GC development,[@bib14] and it has been found to play a vital role in regulating EMT development in GC.[@bib15] Frizzleds (FZDs), known as unconventional G protein-coupled receptors, activate diverse intracellular signaling pathways.[@bib16] A study has suggested that FZD4 specifically activates the Wnt signaling pathway.[@bib17] Based on the aforementioned exploration of the literature, we hypothesized that GATA6-AS1, FZD4, and the Wnt/β-catenin signaling pathway might be involved in GC, with the knowledge of the mechanisms by which they act being still largely limited. Hence, the objective of the current study was to investigate role of GATA6-AS1 in EMT and LNM in GC in relationship to FZD4 and the Wnt/β-catenin signaling pathway.

Results {#sec2}
=======

GATA6-AS1 Is Poorly Expressed and FZD4 Is Highly Expressed in GC {#sec2.1}
----------------------------------------------------------------

Initially, microarray analysis of expression profiles GEO: [GSE13911](ncbi-geo:GSE13911){#intref0010} and [GSE19826](ncbi-geo:GSE19826){#intref0015} revealed significantly low expression of GATA6-AS1 in GC ([Figures 1](#fig1){ref-type="fig"}A and 1B). The Multi Experiment Matrix website demonstrated that GATA6-AS1 was co-expressed with FZD4, which was also involved in the Wnt/β-catenin signaling pathway ([Table 1](#tbl1){ref-type="table"}). The expression of FZD4 in GC from The Cancer Genome Atlas (TCGA) was found at a high level ([Figure 1](#fig1){ref-type="fig"}C), and patients displaying high FZD4 expression exhibited considerably low survival rates compared with those with low FZD4 expression ([Figure 1](#fig1){ref-type="fig"}D). The retrieval regarding the FZD4 methylation in GC revealed that the methylation level of FZD4 was lower than that in the normal samples during every stage of GC ([Figure 1](#fig1){ref-type="fig"}E), indicating that GATA6-AS1 could potentially mediate the expression of FZD4 by regulating FZD4 methylation. Immunohistochemistry revealed that the positive expression of FZD4 was tan-colored. In all 106 samples, the positive rate of FZD4 in the GC tissues was higher (65.09%, 69/106) than that in the paracancerous tissues (37.74%, 40/106) (p \< 0.05, [Figure 1](#fig1){ref-type="fig"}F). qRT-PCR was conducted in order to examine the expression of GATA6-AS1 and FZD4 in GC tissues and paracancerous tissues, the results of which demonstrated that GATA6-AS1 was poorly expressed in GC and it was positively related to LNM, whereby patients with LNM exhibited significantly lower GATA6-AS1 expression than did those without LNM (p \< 0.05). FZD4 was highly expressed in GC, and the expression of FZD4 was higher in patients with lymph node metastasis than those without lymph node metastasis (p \< 0.05). The expression of GATA6-AS1 and FZD4 was positively correlated to Lauren typing, LNM, and tumor node metastasis (TNM) stage of GC (p \< 0.05), while no significant difference was detected in age, sex, tumor size, and degree of differentiation of GC ([Figure 1](#fig1){ref-type="fig"}G; [Table 2](#tbl2){ref-type="table"}). Furthermore, after correlation analysis for GATA6-AS1 and FZD4, it was found that GATA6-AS1 and FZD4 were negatively correlated in GC (r = −0.579, p \< 0.001) ([Figure 1](#fig1){ref-type="fig"}H). Compared with gastric cell GES-1, the relative expression of GC cells AGS, HGC-27, BGC823, MKN-4, SGC7901, and GATA6-AS1 decreased while the relative mRNA and protein expression of FZD4 was increased (p \< 0.05, [Figure 1](#fig1){ref-type="fig"}I). Taken together, low expression of GATA6-AS1 and high expression of FZD4 were identified in GC.Figure 1GATA6-AS1 Is Poorly Expressed and FZD4 Is Highly Expressed in GC(A) Heatmap of GEO: [GSE13911](ncbi-geo:GSE13911){#intref0055}. (B) Heatmap of GEO: [GSE19826](ncbi-geo:GSE19826){#intref0060}. (C) FZD4 expression in GC from TCGA, with red boxplot referring to GC sample and gray boxplot referring to normal sample. (D) Survival analysis of FZD4 in GC from TCGA, with red boxplot referring to patients with high expression of FZD4 and gray boxplot referring to patients with low expression of FZD4. (E) Methylation of FZD4 in different stages of GC. (F) Expression of FZD4 in GC tissues and paracancerous normal tissues examined by immunohistochemistry (original magnification, ×400). \*p \< 0.05 versus the paracancerous normal tissues. (G) mRNA and protein levels of GATA6-AS1 and FZD4 in CG tissues determined by qRT-PCR and western blot analysis. \*p \< 0.05 versus the paracancerous normal tissues. (H) Correlation analysis of GATA6-AS1 and FZD4. (I) Expression of GATA6-AS1 and mRNA and protein level of FZD4 in gastric cell line and GC cell lines. \*p \< 0.05 versus GES-1 cell line. In (A) and (B), the abscissa represents the sample number, the ordinate indicates the name of the differentially expressed genes, and the upper right histogram is the color gradation. The color change from top to bottom indicates the decrease of expression value, and each rectangle corresponds to the expression value of a sample. Each column represents the expression of all genes in each sample. The left dendrogram represents the results of cluster analysis of different genes from different samples. The top cross bar shows the sample type, and the upper right box reveals the sample color reference. The blue is the normal control sample, and the red is the tumor sample.Table 1KEGG Pathway Enrichment Analysis of the Target Gene of GATA6-AS1Pathwaysp ValueGenesSignaling pathways regulating pluripotency of stem cells5.35E−05*BMP2*, *BMP4*, *TBX3*, *FZD4*Wnt signaling pathway0.000127*FZD4*Basal cell carcinoma0.001626*HHIP*, *BMP2*, *BMP4*, *FZD4*Focal adhesion0.0032*COL4A5*, *COL4A6*ECM-receptor interaction0.00725*COL4A5*, *COL4A6*Protein digestion and absorption0.009029*COL4A5*, *COL4A6*, *COL5A1*, *COL27A1*Drug metabolism---cytochrome P4500.010805*FMO5*, *GSTA1*, *GSTA4*Proximal tubule bicarbonate reclamation0.021969*SLC4A4*[^2]Table 2Association between GATA6-AS1, FZD4 Expression, and Clinicopathological FeaturesFactorsnGATA6-AS1pFZD4pAge (years)0.6560.725 ≥60290.46 ± 0.111.64 ± 0.13 \<60770.47 ± 0.101.63 ± 0.13Sex0.6170.706 Male650.47 ± 0.101.63 ± 0.12 Female410.48 ± 0.101.62 ± 0.15Tumor size0.6210.052 \<5 cm670.47 ± 0.111.61 ± 0.13 ≥5 cm390.46 ± 0.081.66 ± 0.12Differentiation0.1260.244 Well/moderate440.48 ± 0.111.62 ± 0.13 Poor620.45 ± 0.091.65 ± 0.13Lauren types\<0.001\<0.001 Intestinal type560.42 ± 0.071.69 ± 0.12 Diffuse type500.53 ± 0.101.57 ± 0.11Lymph node metastasis\<0.001\<0.001 No410.53 ± 0.101.56 ± 0.11 Yes650.43 ± 0.071.67 ± 0.13TNM stages\<0.001\<0.001 Stage I + II460.53 ± 0.101.58 ± 0.15 Stage III + IV600.43 ± 0.071.67 ± 0.11[^3]

GATA6-AS1 Can Specifically Bind to FZD4 Gene {#sec2.2}
--------------------------------------------

Bioinformatics predication was conducted in order to determine the location of GATA6-AS1 in GC SGC7901 cells. The localization of GATA6-AS1 was predicted to be localized in the nucleus, which was further verified following the application of a fluorescence *in situ* hybridization (FISH) assay ([Figures 2](#fig2){ref-type="fig"}A and 2B). The online predication website RNA22V2 analysis revealed binding sites between GATA6-AS1 and FZD4 ([Figure 2](#fig2){ref-type="fig"}C). The dual-luciferase reporter gene assay results indicated that the luciferase activity in the FZD4-wild-type (WT) group was markedly decreased when compared with the negative control (NC) group (p \< 0.05), while the FZD4-mutant (MUT) group did not exhibit any significant differences (p \> 0.05), suggesting that GATA6-AS1 could specifically bind to the FZD4 gene ([Figure 2](#fig2){ref-type="fig"}D). Furthermore, the expression of GATA6-AS1 and FZD4 in GC cells transfected with overexpressed GATA6-AS1 and silenced GATA6-AS1 was determined using qRT-PCR and western blot analysis. After a subcellular fractionation assay, no GATA6-AS1 expression was detected in the cytoplasm, whereas intra-nuclear expression of GATA6-AS1 was found to be upregulated, and the expression of FZD4 was significantly reduced in response to increased GATA6-AS1 expression. Meanwhile, in response to GATA6-AS1 silencing, the intra-nuclear GATA6-AS1 expression was downregulated and FZD4 was highly expressed (p \< 0.05, [Figures 2](#fig2){ref-type="fig"}E--2G). Thus, GATA6-AS1 was verified to inhibit FZD4 expression. A RIP assay was subsequently performed in order to detect the protein binding to GATA6-AS1, and results revealed that GATA6-AS1 could significantly enrich histone methyltransferase enhancer of zeste homolog 2 (EZH2) (p \< 0.05, [Figure 2](#fig2){ref-type="fig"}H), while silencing of EZH2 resulted in a significant increase in the expression of FZD4 (p \< 0.05, [Figure 2](#fig2){ref-type="fig"}I). The methylation analysis of FZD4 promoter region showed a large amount of CpG islands in the FZD4 promoter region ([Figure S1](#mmc1){ref-type="supplementary-material"}). We subsequently hypothesized that histone methylation was involved. In order to verify the enrichment of trimethylation at lysine 27 of histone H3 (H3K27me3) and EZH2 in the FZD4 promoter region, a chromatin immunoprecipitation (ChIP) assay was performed on the FZD4 promoter region in GC cells and results showed that the enrichment of H3K27me3 and EZH2 was significantly elevated by GATA6-AS1 (p \< 0.05, [Figure 2](#fig2){ref-type="fig"}J). Given the aforementioned findings, we concluded that GATA6-AS1 downregulated FZD4 by recruiting EZH2 to promote the enrichment of H3K27me3 in the FZD4 promoter region.Figure 2FZD4 Binds Specifically to GATA6-AS1(A) Distribution of GATA6-AS1 expression in cells predicted by bioinformatic website lncATLAS. (B) Distribution of GATA6-AS1 expression in cells detected by FISH assay (original magnification, 400). (C) Binding site between GATA6-AS1 and FZD4 by bioinformatics prediction. (D) Relative luciferase activity measured by dual-luciferase reporter gene assay. \*p \< 0.05 versus the NC group. (E) mRNA expression of GATA6-AS1 and FZD4 determined by qRT-PCR. \*p \< 0.05 versus the blank group. (F and G) Protein levels of GATA6-AS1 and FZD4 normalized to GAPDH determined by western blot analysis. \*p \< 0.05 versus the blank group. (H) Relative GATA6-AS1 levels detected by RIP assay. \*p \< 0.05 versus the IgG group. (I) Protein level of FZD4 normalized to GAPDH determined by western blot analysis. \*p \< 0.05 versus the si-NC group. (J) Enrichment of H3K27me3 and EZH2 relative to input in the FZD4 promoter region detected by ChIP assay. \*p \< 0.05 versus the NC group.

GATA6-AS1 Overexpression Inhibits the Wnt/β-Catenin Signaling Pathway {#sec2.3}
---------------------------------------------------------------------

A T cell factor (TCF) reporter plasmid (TOPFlash) assay was employed to detect the nucleation of β-catenin. The TOPFlash plasmid contained firefly luciferase reporter gene, with three repeated TCF binding domains detected in upstream of the luciferase promoter, capable of regulating the expression of downstream luciferase based on the activity of β-catenin. The TCF binding domains in the TOPFlash plasmid were mutated, while the other sequences were identical to the TOPFlash plasmid and not affected by β-catenin activity. Therefore, TOPFlash was regarded as a maker of the activation of the Wnt/β-catenin signaling pathway in cells. The key point of activation of the Wnt/β-catenin signaling pathway was the accumulation of β-catenin in the nucleus, binding to transcription factor TCF/lymphoid enhancer factor (LEF) in regulating the expression of genes. Lithium chloride (LiCl) was introduced as an activator of the Wnt/β-catenin signaling pathway in order to evaluate the effects of the activated Wnt/β-catenin signaling pathway on GC. A TOPFlash assay was performed to measure the activity of SGC7901 cells. The results revealed that the activity of TOPFlash increased in response to GATA6-AS1 silencing. Additionally, LiCl was decreased when GATA6-AS1 was overexpressed, indicating that the overexpression GATA6-AS1 inhibited the Wnt/β-catenin signaling pathway ([Figure 3](#fig3){ref-type="fig"}A). The results of immunofluorescence revealed that the protein level of β-catenin decreased in the presence of overexpressed GATA6-AS1, where intranuclear β-catenin expression was significantly diminished, while increased levels were detected following GATA6-AS1 silencing and LiCl, where the β-catenin expression tended to transfer to the nucleus. No marked difference regarding the expression of β-catenin was detected among the cells treated with overexpressed GATA6-AS1 + LiCl, cells without any treatment, and cells for NC ([Figure 3](#fig3){ref-type="fig"}B). qRT-PCR and western blot analysis were employed to examine the expression of the Wnt/β-catenin signaling pathway-related genes. GATA6-AS1 restoration led to a decrease in the mRNA and protein levels of β-catenin, c-*myc*, and cyclinD1, while elevated levels were detected in response to GATA6-AS1 silencing and LiCl (p \< 0.05). Meanwhile, our data revealed that GATA6-AS1 restoration failed to significantly change the total protein expression of glycogen synthase kinase (GSK)-3β in SGC7901 cells; however, it reduced the protein level of phosphorylated (p-)GSK-3β^Ser9^, suggesting that the activity of GSK-3β was promoted. The protein level of p-GSK-3β^Ser9^ was decreased in cells treated with silenced GATA6-AS1 and LiCl, highlighting that the activity of GSK-3β was suppressed. There was no significant change of GSK-3β activity in the cells treated with GATA6-AS1 silencing + LiCl, cells without any treatment, and cells for NC ([Figures 3](#fig3){ref-type="fig"}C--3E). Based on the above findings, we concluded that the Wnt/β-catenin signaling pathway could be blocked by GATA6-AS1.Figure 3The Wnt/β-Catenin Signaling Pathway Is Suppressed by Overexpressed GATA6-AS1(A) Transcriptional activity of TCF/LEF in SGC7901 cells. (B) Intracellular expression of β-catenin in SGC7901 cells examined by immunofluorescence (original magnification, ×200). (C) mRNA levels of Wnt/β-catenin signaling pathway-related proteins in SGC7901 cells determined by qRT-PCR. (D and E) Protein levels of Wnt/β-catenin signaling pathway related proteins normalized to GAPDH in SGC7901 cells determined by western blot analysis. \*p \< 0.05 versus the blank group (SGC7901 cells without any treatment).

Restored GATA6-AS1 Dampens EMT in GC {#sec2.4}
------------------------------------

The cell morphology was photographed under an inverted microscope in order to further observe the morphological changes of the transfected SGC7901 cells after 24 h. The cells were cobblestone-like and tightly connected with clear boundary after delivery of NC, GATA6-AS1, and GATA6-AS1 + LiCl. The morphology was also quite similar to the cells without any treatment. However, in response to GATA6-AS1 silencing and LiCl, the cells gradually became elongated mesenchymal cells and scattered solitarily with a blurred boundary and migratory synapse ([Figure 4](#fig4){ref-type="fig"}A).[@bib18] The mRNA and protein levels of EMT-related markers E-cadherin and Vimentin, as well as the related transcription factors Snail and Slug, were determined. It was revealed that the mRNA and protein levels of E-cadherin increased in the presence of restored GATA6-AS1, whereas those of Vimentin, Snail, and Slug were decreased (p \< 0.05). An opposite trend was identified in the event of GATA6-AS1 silencing and LiCl (p \< 0.05). The mRNA and protein expression of E-cadherin, Vimentin, Snail, and Slug did not exhibit any significant difference among cells treated with GATA6-AS1 + LiCl, cells without any treatment, and cells for NC ([Figures 4](#fig4){ref-type="fig"}B--4E). Hence, we concluded that the restoration of GATA6-AS1 dampened the progression of EMT.Figure 4EMT Progression in GC Is Inhibited by Overexpressed GATA6-AS1(A) Cell morphology of transfected SGC7901 cells observed under a microscope (original magnification, ×400). (B) mRNA levels of E-cadherin, Vimentin, Snail, and Slug in SGC7901 cells determined by qRT-PCR. (C and D) Relative protein levels of E-cadherin, Vimentin, Snail, and Slug normalized to GAPDH in SGC7901 cells determined by western blot analysis. (E) Expression of Vimentin and E-cadherin in SGC7901 cells examined by immunofluorescence (original magnification, ×200). \*p \< 0.05 versus the blank group (SGC7901 cells without any treatment).

Restored GATA6-AS1 Inhibits GC Cell Proliferation, Migration, and Invasion {#sec2.5}
--------------------------------------------------------------------------

A 5-ethynyl-2′-deoxyuridine (EdU) assay, Transwell assay, and scratch testing methods were employed to identify SGC7901 cell proliferation, invasion, and migration. The results indicated that the number of invasive cells ([Figures 5](#fig5){ref-type="fig"}B--5D) and the migration rate ([Figures 5](#fig5){ref-type="fig"}A--5C) and proliferation ability ([Figure 5](#fig5){ref-type="fig"}E) were increased following the delivery of GATA6-AS1 silencing and LiCl, while reductions were identified with the delivery of restored GATA6-AS1, when compared to the cells without any treatment and cells for NC (p \< 0.05), with no obvious change observed following delivery of GATA6-AS1 + LiCl (p \> 0.05). Taken together, GATA6-AS1 overexpression dampened GC cell proliferation, migration, and invasion progression.Figure 5GATA6-AS1 Overexpression Inhibits GC Cell Proliferation, Metastasis, and Invasion(A and C) SGC7901 cell migration detected by scratch test (original magnification, ×40). (B and D) SGC7901 cell invasion detected by Transwell assay (original magnification, ×200). (E) SGC7901 cell proliferation detected by EdU assay (original magnification, ×200). \*p \< 0.05 versus the blank group (SGC7901 cells without any treatment).

GATA6-AS1 Overexpression Inhibits Tumor Growth and LNM *In Vivo* {#sec2.6}
----------------------------------------------------------------

Tumor formation in the nude mice was used to evaluate the efficacy of GATA6-AS1 in GC *in vivo*. The results revealed that tumor size and tumor growth were smaller in nude mice bearing overexpressed GATA6-AS1-treated cells but larger among the nude mice bearing cells treated with GATA6-AS1 silencing and LiCl (p \< 0.05). The cells treated with GATA6-AS1 + LiCl, cells without any treatment, and cells for NC failed to exhibit a significantly different change in the nude mice (p \> 0.05, [Figures 6](#fig6){ref-type="fig"}A--6C). H&E staining of the lymph node sections revealed that there were no metastatic tumor cells, and LNM was inhibited in the presence of GATA6-AS1 restoration. However, larger tumor cells with a greater number of metastatic tumor cells were detected in the presence of GATA6-AS1 silencing and LiCl ([Figure 6](#fig6){ref-type="fig"}D). The number of LNMs was smaller when GATA6-AS1 was restored, but larger when GATA6-AS1 was silenced and when the Wnt signaling pathway was activated by LiCl ([Figure 6](#fig6){ref-type="fig"}E, p \< 0.05). Therefore, it was concluded that highly expressed GATA6-AS1 inhibited tumor growth and LNM of GC *in vivo*.Figure 6GATA6-AS1 Overexpression Inhibits Tumor Growth and LNM of GC *In Vivo*(A) Representative images of tumors. (B) Quantitative analysis of tumor volume. (C) Quantitative analysis of tumor weight. (D) LNM identified by H&E staining (original magnification, ×400). (E) Quantitative analysis of the number of LNM. \*p \< 0.05 versus the blank group (nude mice bearing SGC7901 cells without any treatment).

Discussion {#sec3}
==========

GC is a complex disease that places a heavy burden on societies worldwide due to a high prevalence and poor prognosis.[@bib19] Recent evidence has highlighted the role of lncRNAs in the development and progression of GC.[@bib20] GATA6 has been implicated as a regulator of EMT in GC, as well as a marker of the efficacy of GC treatment.[@bib21] In the current study, we provided evidence demonstrating that GATA6-AS1 overexpression inhibited the Wnt/β-catenin signaling pathway via FZD4, emphasizing its significant role in attenuating the development of EMT and LNM in patients with GC.

Initially, we found that GATA6-AS1 was poorly expressed whereas FZD4 was highly expressed in GC tissues and cells. GATA6-AS1/GATA6, included in a series of lncRNA/transcription factor regulatory pairs, has been previously reported to perform various regulatory roles in different types of human cancers.[@bib22] The upregulation of GATA6-AS1 has been identified in lung squamous cell carcinoma and correlated with the survival time of patients, while the potential tumor-suppressive effects of GATA6-AS1 in multiple cancers have also been stated.[@bib12] From a glioblastoma multiforme perspective, significantly upregulated FZD4 has also been observed and found to participate in the mediation of glioma stem cell invasiveness and stemness.[@bib23] Notably, GATA6-AS1 was found for the first time to specifically bind to FZD4, and GATA6-AS1 could further downregulate the expression of FZD4 by recruiting EZH2 to promote the enrichment of H3K27me3 in the FZD4 promoter region. To the best of our knowledge, there is no available evidence regarding the regulatory relationship between FZD4 and GATA6-AS1. EZH2-mediated H3K27 trimethylation has been reported as a functional mechanism of gene suppression by lncRNA,[@bib24]^,^[@bib25] supporting the notion of the regulatory mechanism of GATA6-AS1 on FZD4.

Furthermore, the key findings of our study also provided evidence demonstrating that overexpression of GATA6-AS1 inhibited the Wnt/β-catenin signaling pathway, which was reflected by significantly lower levels of β-catenin, c-*myc*, and cyclinD1 along with the diminished expression of intranuclear β-catenin. β-Catenin plays a crucial role in the activation of target genes in the Wnt/β-catenin signaling pathway.[@bib26] *Xenopus* cadherin-11 reduction has been reported to trigger the activation of the Wnt/β-catenin signaling pathway in neural crest with elevated expression of c-*myc* and cyclinD1, as well as the translocation of β-catenin to the nucleus, a finding that was largely consistent with the observations of our study.[@bib27] Song et al.[@bib28] recently concluded that the Wnt/β-catenin signaling pathway promotes EMT progression in GC development. Investigative attempts have been made to explore the effects associated with the restoration of GATA6-AS1 on EMT in GC involving the Wnt/β-catenin signaling pathway. Our results revealed that when GATA6-AS1 was overexpressed, the expression of Vimentin, Snail, and Slug was decreased, while the expression of E-cadherin was increased, indicating that the overexpression of GATA6-AS1 inhibited EMT in GC. Vimentin is regarded as a significant part of EMT in GC, and highly expressed Vimentin promotes cell growth, invasion, and metastasis in GC.[@bib29] Snail is a prognostic factor of GC development,[@bib30] and it plays an important role in EMT in GC.[@bib31] Studies have flagged the decrease in E-cadherin expression as a promoting factor of EMT in GC.[@bib32] Slug has been reported to promote cell invasion and metastasis by mediating EMT in GC.[@bib33] Highly expressed Slug and the poorly expressed E-cadherin have been identified as factors indicative of poor prognosis in patients with GC.[@bib34] Furthermore, c-*myc* can promote the growth and proliferation of GC cells, while knockdown of c-*myc* induces opposite results.[@bib35] Moreover, cyclinD1 is related to cell growth, poor prognosis, and an increase of chemoresistance in several types of cancers.[@bib36] Besides, cyclinD1 is indicative of EMT in breast cancer.[@bib37] Additionally, the overexpression of cyclinD1 contributes to the development of GC.[@bib38] Herein, we held the position that highly expressed GATA6-AS1 inhibited EMT in GC via inactivation of the Wnt/β-catenin signaling pathway.

Furthermore, we demonstrated that overexpressed GATA6-AS1 inhibited GC cell proliferation, invasion, and migration. Such effects were also observed *in vivo* as shown by the suppressed tumor growth and LNM in the presence of restored GATA6-AS1. The literature has revealed that lncRNAs are a crucial factor in GC such as HOTAIR and are highly upregulated in liver cancer.[@bib39]^,^[@bib40] The participation of lncRNAs in LNM has been elucidated in cancer development such as cervical cancer.[@bib41] Additionally, the implication of Snail, Slug, and E-cadherin has been well documented in LNM in GC.[@bib42], [@bib43], [@bib44] Activation of the the Wnt/β-catenin signaling pathway is beneficial to LNM as well.[@bib45] In our study, it was shown that when GATA6-AS1 was highly expressed, the Wnt/β-catenin signaling pathway and EMT were suppressed, by which tumor growth and LNM in GC were inhibited. Thus, GATA6-AS1 was validated to participate in LNM in GC.

To conclude, overexpression of GATA6-AS1 dampens the progression of EMT and LNM in GC by inhibiting the Wnt/β-catenin signaling pathway via FZD4 ([Figure 7](#fig7){ref-type="fig"}), highlighting its therapeutic potential for GC. However, the molecular mechanism of GATA6-AS1 in GC still requires further elucidation with different cell lines involved in the future.Figure 7The Molecular Mechanism Involving the Role of GATA6-AS1 and FZD4 in GC Development via the Wnt/β-Catenin Signaling PathwayOverexpression of GATA6-AS1 downregulated the expression of FZD4 by recruiting EZH2 and H3K27me3 in the FZD4 promoter region to inactivate the Wnt/β-catenin signaling pathway, thus inhibiting proliferation, EMT, and lymphatic metastasis in GC.

Materials and Methods {#sec4}
=====================

Ethics Statement {#sec4.1}
----------------

The study was approved by the Ethics Committee of The First Affiliated Hospital of Harbin Medical University and according to the Declaration of Helsinki. Informed consent was signed by all study subjects and/or their legal guardians. All animal experiments were performed in accordance with the *Guide for the Care and Use of Laboratory Animals* by the NIH.

Bioinformatics Analysis {#sec4.2}
-----------------------

The microarray expression dataset related to GC, GEO: [GSE13911](ncbi-geo:GSE13911){#intref0020} and [GSE19826](ncbi-geo:GSE19826){#intref0025}, and corresponding annotation files were downloaded from the GEO database (<http://www.ncbi.nlm.nih.gov/geo>) through detection using the Affymetrix Human Genome U133 Plus 2.0 Array. The Bioconductor Affy package in R software was employed for background correction and normalization of microarray expression data.[@bib46] The empirical Bayes method-based linear model combined with traditional t tests in the Limma package were employed to perform nonspecific filtration for the expression data, which provided a basis for screening out the differentially expressed mRNAs and lncRNAs.[@bib47] The differentially expressed lncRNAs were predicted by Multi Experiment Matrix (<http://biit.cs.ut.ee/mem/>), a web-based tool for searching for co-expression queries over large collections of gene expression experiments that can be used for searching for several hundreds of publicly available gene expression datasets of different kinds of tissues, diseases, and conditions, arranged by species and microarray platform types.[@bib48] Finally, based on the WebGestalt database (<http://www.webgestalt.org>), Kyoto Encyclopedia of Genes and Genomes enrichment analysis was performed in order to confirm the biochemical metabolic pathways as well as the signaling pathways involving the target genes.[@bib49] The expression pattern of FZD4 in GC was obtained from Gene Expression Profiling Interactive Analysis database.[@bib50] The survival analysis regarding FZD4 was performed through the UALCAN database where the methylation of FZD4 was retrieved.[@bib51]

Cell Culture and Tissue Collection {#sec4.3}
----------------------------------

Gastric mucosal cells of a human gastric cell line (GES-1) and GC cell lines (SGC7901, MKN45, BGC-27, HGC-27, and AGC) were purchased from The Shanghai Institute of Biological Science, Chinese Academy of Sciences (Shanghai, China). All cell lines were incubated in DMEM with 10% fetal bovine serum (FBS) (HyClone, Ogden, UT, USA) in an incubator with 5% CO~2~ at 37°C. Upon reaching 80% confluence, the cells were detached using 0.25% trypsin, subcultured, and collected for subsequent experimentation.

A total of 106 patients (aged from 29 to 72 years old, 65 males and 41 females) diagnosed with GC were recruited for the experiment. There were 62 patients with well or moderately differentiated GC, and 44 patients with poorly differentiated GC, 65 patients with LNM, and 41 patients without LNM. There were 56 patients with intestinal-type GC and 50 patients with diffuse-type GC. As per the revised TNM staging standard of GC in 2010 by the American Joint Committee on Cancer, there were 46 patients with stage I--II and 60 patients in stage III--IV. The classification criteria of histopathology were referred to the pathological classification of GC issued by World Health Organization. All patients diagnosed with GC were confirmed by tissue H&E staining, with all patients yet to receive radiotherapy or chemotherapy prior to treatment. The paracancerous gastric mucosa tissues \>5 cm away from GC tissues served as the control group. All tissues were fixed with 10% formalin, embedded in paraffin, and sliced (8 μm).

Immunohistochemistry {#sec4.4}
--------------------

The tissue sections were dried in an incubator for 1 h at 60°C, dewaxed by xylene, and then hydrated by gradient ethanol. The sections were then incubated in PBS supplemented with 0.5% Triton X-100 for 20 min, followed by high-pressure antigen repair for 2 min. The sections were then boiled in 0.01 M citric acid buffer (pH 6.0) for 20 min at 95°C. Next, 3% H~2~O~2~ was added into the sections and permitted to stand for 15 min in order to eliminate exogenous peroxidase activity. The sections were subsequently blocked with 3% BSA for 20--30 min at 37°C, incubated with primary antibody of rabbit polyclonal antibody to FZD4 (1:500, ab80049, Abcam, Cambridge, MA, USA) for 2 h at 37°C, and further incubated with horseradish peroxidase-labeled goat anti-rabbit secondary antibody (1:1,000, Zhongshan Bio-Tech, Guangzhou, Guangdong, China) in a wet box for 30 min at 37°C. Hematoxylin was applied to the sections for 4 min, which were mounted with PBS comprised of 10% glycerol. PBS was employed to replace primary antibody as NC with the known positive sections regarded as the positive control. Finally, the sections were imaged and observed under an optical microscope (XSP-36, Bosda Optical Instrument, Shenzhen, China), and five fields (magnification ×200) were randomly selected (100 GC cells in each field). The number of positive cells \<5% was regarded as negative while a number ≥5% was considered to be positive.[@bib52] The immunohistochemistry results were independently evaluated using a double-blinded method by two people.

qRT-PCR {#sec4.5}
-------

The total RNA was extracted from tissues and cells by TRIzol (Invitrogen, Carlsbad, CA, USA), the ratios of A~260~/A~230~ and A~260~/A~280~ were measured by a NanoDrop 2000 Micro ultraviolet spectrophotometer (1011U, NanoDrop Technologies, Wilmington, DE, USA), and the concentration and purity of total RNA were determined. Based on the instructions of PrimeScript RT reagent kit with guide DNA (gDNA) Eraser (RR047A, Takara Biotechnology, Tokyo, Japan), RNA was reversely transcribed into cDNA. The primers of GATA6-AS1, FZD4, β-catenin, c-*myc*, cyclinD1, E-cadherin, Vimentin, Snail, and Slug were synthesized by Takara Biotechnology (Tokyo, Japan) ([Table 3](#tbl3){ref-type="table"}). The ABI78500 PCR instrument (7500, Applied Biosystems, Oyster Bay, NY, USA) was employed for qPCR. β-Actin was regarded as an internal reference. 2^−ΔΔCt^ was considered to be a reflection of the ratio of gene expression between the experiment group and the control group.Table 3Primer Sequences for qRT-PCRGenesPrimer Sequence (5′→3′)GATA6-AS1F: 5′-ACCACAACCACTACCTTATGGCGT-3′R: 5′-TGCCATCTGGACTGCTGGACAATA-3′FZD4F: 5′-AGCTCGTGCCCAACCAGGTT-3′R: 5′-ATGCCGCCGCATGGGCCAAT-3′β-CateninF: 5′-ATTTGATGGAGTTGGACATGGC-3′R: 5′-GAGGAAGAGGATGTGGATACCTCC-3′c-*myc*F: 5′-CAACCCTTGCCGCATCCAC-3′R: 5′-AGTCGCGTCCTTGCTCGG-3′cyclinD1F: 5′-CATCTACACCGACAACTCCATC-3′R: 5′-TCTGGCATTTTGGAGAGGAAG-3′E-cadherinF: 5′-GCCAGGAAATCACATCCTACA-3′R: 5′-TGGCAGTGTCTCTCCAAATC-3′VimentinF: 5′-CAGGAACAGCATGTCCAAATC-3′R: 5′-GGCAGCCACACTTTCATATTG-3′SlugF: 5′-CTTCCTGGTCAAGAAGCATT-3′R: 5′-TGAGGAGTATCCGGAAAGAG-3′SnailF: 5′-GGCCTTCAACTGCAAATACT-3′R: 5′-TTGACATCTGAGTGGGTCTG-3′β-ActinF: 5′-AGGCACCAGGGCGTGAT-3′R: 5′-GCCCACATAGGAATCCTTCTGAC-3′[^4]

Dual-Luciferase Reporter Gene Assay {#sec4.6}
-----------------------------------

The dual-luciferase reporter gene vector of FZD4 (PGLO-FZD4-WT) as well as the mutation of FZD4 and the GATA6-AS1 binding site (PGLO-FZD4-MUT) was constructed. The pcDNA-GATA6-AS1 and NC plasmids were co-transfected into GC cell line SGC7901, respectively. The cells were lysed at 24 h after transfection, and subsequently centrifuged for 1 min at 12,000 rpm, after which the supernatant was collected. The Dual-Luciferase reporter assay system (E1910, Promega, Madison, WI, USA) was applied for the measurement of luciferase activity. Each sample was mixed with 100 μL of firefly luciferase working solution and 100 μL of Renilla luciferase working solution. The relative luciferase activity is equal to the relative activity of firefly luciferase divided by the relative activity of Renilla luciferase.

GATA6-AS1 Subcellular Localization {#sec4.7}
----------------------------------

The subcellular localization of GATA6-AS1 was predicted at <http://lncatlas.crg.eu/> and verified using FISH in the SGC7901 cell line. The experiment was performed in accordance with the instructions of Ribo lncRNA FISH probe mix (Red, Ribobio, Guangzhou, Guangdong, China). The cells were seeded in six-well plates and cultured for 1 d. When cell confluence reached 80%, the cells were washed with PBS, fixed with 1 mL of 4% polyoxymethylene, treated by protease K (2 μg/mL), glycine, and ethyl phthalate reagents, and incubated with 250 μL of pre-hybridization solution for 1 h at 42°C. The cells were then immersed in 250 μL of hybridization solution containing 300 ng/mL probes and hybridized overnight at 42°C. Next, the cells were washed three times with PBS with Tween 20 (PBST) and added with PBST-diluted DAPI staining solution (1:800) to stain the nucleus in a 24-well plate for 5 min. Finally, the cells were washed three times with PBST (3 min each time), mounted by anti-fluorescence quenching agent, and imaged under a fluorescence microscope (Olympus, Tokyo, Japan) with five different visual fields selected.

Cell Treatment {#sec4.8}
--------------

SGC7901 cells at the logarithmic growth phase were seeded in six-well plates, with 2 mL of cell suspension added into each well. When the density reached 30%--50%, the SGC7901 cells were transfected with overexpressed GATA6-AS1 plasmid, specific antisense oligonucleotide against GATA6-AS1, LiCl (20 mmol/L, activator of the Wnt/β-catenin signaling pathway), overexpressed GATA6-AS1 + 20 mmol/L LiCl, or NC in accordance with the instructions of Lipofectamine 2000 (11668019, Thermo Fisher Scientific, Waltham, MA, USA). The plasmids (100 pmol) and Lipofectamine 2000 (5 μL) were diluted using 250 μL of serum-free Opti-MEM (31985, Gibco, Grand Island, NY, USA) and incubated for 5 min, respectively. The two regents were mixed and incubated at room temperature for 20 min, and subsequently added into the culture cells, followed by incubation for 6--8 h at 37°C with 5% CO~2~. The medium was replaced with complete culture medium for further culture for an additional 24--48 h.

Western Blot Analysis {#sec4.9}
---------------------

Total protein was extracted by cell lysate (BB-3209, Bestbio, Shanghai, China), separated by SDS-PAGE, and then transferred onto a polyvinylidene fluoride membrane. After the membrane had been blocked for 1 h, it was incubated with primary antibodies of rabbit polyclonal antibodies to FZD4 (1 μg/mL, ab83042), β-catenin (1:4,000, ab6302), c-*myc* (1:500, ab39688), cyclinD1 (1:500, ab61758), E-cadherin (1:500, ab15148), Vimentin (1:1,000, ab137321), Snail (1:500, ab82846), Slug (1:100, ab75629), p-GSK-3β^Ser9^ (1:500, ab131097), and mouse monoclonal antibody to GSK-3β (1:500, ab93926) overnight at 4°C (all antibodies above were purchased from Abcam, Cambridge, MA, USA). The membrane was then incubated with the secondary antibody goat anti-rabbit antibody to immunoglobulin G (IgG) (A21020, Abbkine, USA, 1:1,000) for incubation for 1 h at 37°C. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was regarded as the loading control. The expression of target protein is equal to the gray value of target protein bands divided by the gray value of GAPDH.

TOPFlash Assay {#sec4.10}
--------------

The SGC7901 cells were seeded into 96-well plates, followed by the addition of transfection plasmids, TOPFlash/FOPFlash (TOPFlash mutant), as well as the internal reference pRL-TK plasmid (Promega, Madison, WI, USA) into each well 24 h later as per the instructions of Lipofectamine 2000 (11668019, Thermo Fisher Scientific, Waltham, MA, USA). The plasmids and Lipofectamine 2000 (0.5 μL) were diluted with 100 μL of low-glucose DMEM (L-DMEM) and subsequently incubated for 5 min at room temperature. The cells were then washed with L-DMEM and transfected with the mixed transfection regent for 6 h, after which the medium was replaced with complete medium, which was used to incubate cells for 24--48 h. The culture medium was then discarded and the relative luciferase activity, which was regarded as the ratio of relative light unit of firefly luciferase to that of Renilla luciferase, was measured and considered to reflect the activation level of transcription factor in the Wnt/β-catenin signaling pathway.[@bib53]

RNA Immunoprecipitation Assay {#sec4.11}
-----------------------------

The Magna RNA immunoprecipitation (RIP) RNA-binding protein immunoprecipitation kit (Millipore, Billerica, MA, USA) was introduced for the RIP assay. The cells were collected and washed twice with pre-chilled PBS. Then, cells were lysed by lysis containing protease inhibitor and RNAase inhibitor on ice for 30 min, followed by centrifugation (4°C, 12,000 × *g*, 30 min). The supernatant was transferred to a centrifuge tube for further use. A part of the supernatant was used as input for positive control, while the remaining part was used for co-precipitation with 1 μg of mouse antibody to EZH2 (ab13537, Abcam, Cambridge, MA, USA) and 10--50 μL of protein A/G beads at 4°C overnight. The supernatant was removed by means of centrifugation (4°C, 3,000 × *g*, 5 min). The protein A/G beads precipitate was washed three to four times with 1 mL of lysis, followed by centrifugation (4°C, 1000 × g, 1 min). Next, 15 μL of 2× SDS loading buffer was added and heated in boiling water for 10 min. RNA was isolated and purified from the precipitate. The binding between GATA6-AS1 and DNA methyltransferase was verified through the application of qRT-PCR with the aid of specific primers of GATA6-AS1.

ChIP Assay {#sec4.12}
----------

A ChIP kit (Millipore, Billerica, MA, USA) was applied for detection on enrichment of EZH2 in the FZD4 promoter region. When cell confluence reached 70%--80%, the cells were fixed with 1% formaldehyde at room temperature for 10 min in order to generate intracellular DNA-protein cross-links. The cells were then sonicated to produce chromatin fragments (10 s at an interval of 10 s, 15 times in total), followed by centrifugation (13,000 rpm, 4°C). The supernatant was sub-packed into three tubes and incubated with RNA polymerase II antibody as the positive control, with the IgG antibody as the NC, and the rabbit antibody to EZH2 (ab228697, Abcam, Cambridge, MA, USA) at 4°C overnight. The endogenous DNA-protein complex was precipitated using protein agarose-Sepharose. The supernatant was subsequently discarded through transient centrifugation. After the non-specific complex had been washed, the precipitate was obtained and de-crosslinked at 65°C overnight. The DNA fragments were extracted, purified, and retrieved using phenol/chloroform. Binding between EZH2 and the FZD4 promoter region was detected with specific primers of the FZD4 promoter region.

Subcellular Fractionation Assay {#sec4.13}
-------------------------------

The separation of the nuclear and cytosolic fractions was conducted using the PARIS kit protein and RNA isolation system (Life Technologies, Carlsbad, CA, USA). The cells were collected, washed with PBS, and detached using trypsin and then terminated by adding 2 mL of culture medium. After centrifugation (500 × *g*, 5 min, 4°C), the supernatant was discarded and the precipitate was washed with PBS and incubated with 500 μL of cell fractionation buffer on ice for 5--10 min, followed by centrifugation (500 × *g*, 5 min, 4°C). The supernatant (cytoplasm) was then transferred into a 2-mL sterile enzyme-free tube, followed by centrifugation (500 × *g*, 5 min, 4°C). The precipitate (nucleus) was subsequently added with 500 μL of cell fractionation buffer and 500 μL of 2× lysis/binding solution, with the mixture permitted to stand on ice. After the supernatant had been discarded, pre-cooled 500 μL of cell disruption buffer as well as 500 μL of absolute alcohol were added. The adsorption column was placed in the collection tube. Then, 700 μL of wash solution 1 was added, followed by centrifugation (12,000 × *g*, 30 s), and 500 μL of wash solution 2/3 was added, followed by centrifugation (12,000 × *g*, 30 s). The void column was centrifuged at the maximum speed for 1 min. The adsorption column was placed into a new collection tube, and 40 μL of elution solution (preheated to 95°C in water bath) was added and eluted by centrifugation at 12,000 × *g* for 30 s while 10 μL of elution solution was further added for elution. The expression of GATA6-AS1 was determined by qRT-PCR with intranuclear RNA as the internal reference for 45S rRNA and cytoplasmic RNA for 12S rRNA ([Table 4](#tbl4){ref-type="table"}).Table 4Primer Sequences for Subcellular FractionationGenesPrimer Sequence (5′→3′)45S rRNAF: 5′-GTGCCCTCACGTGTTTCACTTT-3′R: 5′-TAGGAGACAAACCTGGAACGCT-3′12S rRNAF: 5′-TCGATAAACCCCGCTCTACCT-3′R: 5′-TGGCTACACCTTGACCTAACGTT-3′[^5]

Cell Immunofluorescence {#sec4.14}
-----------------------

After routine detachment, the cells were counted and incubated in the immunofluorescence chamber at 2 × 10^5^ cells/well. When cell confluence reached 90%, the cells were washed three times using PBS on ice and fixed by 4% polyoxymethylene (1 mL each well) for 15 min at room temperature. After three PBS washes, the cells were treated with 0.3% Triton X-100 for 10 min, washed three times with PBS, and blocked with goat serum for 30 min. Next, the cells were incubated with the primary antibody prepared with PBS overnight at 4°C and then incubated with secondary antibody for 1 h at room temperature, avoiding exposure to light. DAPI was applied to cells for 15 min under conditions devoid of light. Finally, the cells were mounted with fluorescence quenching agent and imaged under the fluorescence microscope. The Image-Pro Plus analysis system was introduced for relative quantification of results.

Transwell Assay {#sec4.15}
---------------

The pre-cooled Matrigel that had been previously diluted with serum-free DMEM at a ratio of 1:2 was added to the apical Transwell chambers and incubated at 37°C for 4--5 h until solidification had been confirmed. The transfected cells were diluted with 100 μL of serum-free culture medium to prepare cell suspension with a concentration of 1 × 10^6^ cells/mL. Next, the cells in the basolateral chamber were added with 500 μL of DMEM containing 20% FBS, with three duplicated wells set in each group. The cells were incubated in 5% CO~2~ at 37°C for 24 h. The Transwell chambers were then removed, with the cells then fixed with 5% glutaraldehyde at 4°C and stained using 0.1% crystal violet for 5 min. After the cells on the surface had been wiped off using a cotton stick, the remaining cells were observed under an inverted microscope (TE2000, Nikon, Shanghai, China, magnification ×100) with three randomly selected visual fields. The number of cells that had passed though the chamber was then counted.

Scratch Test {#sec4.16}
------------

The transfected cells were incubated in an incubator with 5% CO~2~ at 37°C for 24 h. A line on the cell monolayer was drawn using a 10-μL sterile micropipette tip. The cells were then incubated with serum-free culture medium for 24 h, followed by removal of the medium. After three PBS washes, the cells were placed under an inverted microscope in order to analyze cell migration at 0 and 24 h. Three fields in each group were selected and then imaged. The scratch width of the cells on both sides of the scratch was measured, and the relative cell migration distance was the distance difference/2. The relative migration rate of cells was equal to the relative migration distance divided by the scratch width at 0 h.

EdU Assay {#sec4.17}
---------

The cells were seeded in a 96-well plate at a density of 1.6 × 10^5^ cells/well and cultured for 48 h. Cell proliferation was detected in reference to the guide provided in the manual of the EdU kit (C10310, Ribobio, Guangzhou, Guangdong, China). The EdU solution (100 μL, 50 μM) was then added into each well for a 4-h period of culture at 4°C. The cells were then fixed in 4% formaldehyde for 15 min and then permeabilized with 0.2% Triton X-100 for 5 min at room temperature. After three PBS washes, the cells were treated with 100 μL of Apollo mixture (C10338-2, Ribobio, Guangzhou, Guangdong, China) for 30 min and subsequently stained with 100 μL of Hoechst 33342 (Ribobio, Guangzhou, Guangdong, China) for 30 min at room temperature. Images were captured under a fluorescence microscope (Olympus, Tokyo, Japan). The number of positive-stained cells was counted using Image-Pro Plus 6.0 software (Media Cybernetics, Bethesda, MD, USA).

Tumor Xenograft in Nude Mice {#sec4.18}
----------------------------

Female athymic nude mice aged between 5 and 6 weeks were purchased from and fed by the Animal Experiment Center of The Fourth Military Medical University (Xi'an, Shanxi, China). The mice were raised at constant temperature (25°C--27°C) with a constant humidity (45%--50%). The transfected cells were detached and centrifuged when they grew to 80%--90% confluence. The cells were then washed with PBS two to three times, resuspended, and counted with the cell density adjusted to 1 × 10^7^ cells/mL. A total of 20 μL of cell suspension was subcutaneously inoculated into the armpit of the nude mice, with six nude mice inoculated for each treatment. The mice were euthanized by CO~2~ asphyxiation after 6 weeks, and then the sizes of tumors were measured. The armpit, cervical, and inguinal lymph nodes were measured for pathological examination. The volume of tumor was recorded and the growth curve was plotted. The volume of tumor was calculated based on the formula (*a* × *b*^2^)/2, where *a* represents the longest diameter of the tumor, and *b* is the shortest diameter of the tumor. The tumors were fixed by formalin, embedded in paraffin, cut into sections, stained with H&E, and observed under a microscope.

Statistical Analysis {#sec4.19}
--------------------

SPSS19.0 software (IBM, Armonk, NY, USA) was employed for statistical analyses, with the results expressed as mean ± SD. Differences among multiple groups were compared by ANOVA, while a least significant difference *t* test was conducted for comparison between two groups. Two-factor effect analysis was conducted using two-factor ANOVA. p \< 0.05 was considered to be indicative of statistical significance.
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